Sex differences in fetal growth have been reported, but how this happens remains to be described. It is unknown if fetal growth rates, a reflection of genetic and environmental factors, express sexually dimorphic sensitivity to the mother herself.
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Maternal anthropometry; fetal growth rate; birth weight; sexual dimorphism; pregnancy Sex differences in fetal growth rates have long been recognized (e.g., Lubchenco et al., 1963) , but the underlying mechanisms are poorly understood. Cell divisions among male embryos occur more rapidly than those of female embryos (Mittwoch 1993) . Moreover, there is evidence of sex differences in embryonic metabolism starting from the blastocyst stage (Bermejo-Álvarez et al., 2008) . These observations suggest that males may be both more responsive to growth promoting influences, and more susceptible to supply disturbances.
Evidence of sex-specific vulnerabilities to perturbations occurring during early fetal growth (Gutierrez-Adan et al., 2006) include animal data, identifying an increased risk for cardiac dysfunction among prenatally protein-restricted males, compared to females (Elmes et al., 2009) , as well as greater sensitivity to maternal BMI and glucose status during human pregnancy (Grigore et al., 2008) in male fetuses compared to their female counterparts. For example, among 9000 women with singleton pregnancies included in the Spanish National Health Service, male neonates were more likely than females to be large for gestational age or macrosomic if mothers had high pregestational body mass index (BMI), or altered maternal glucose tolerance status during pregnancy .
Likewise, neonatal studies have described dimorphic patterns of hormones and body composition (Guihard-Costa et al., 2002 , Ibanez et al., 2008 , suggesting sex differences in growth physiology that remain to be elucidated during fetal development. The implications of dimorphic fetal growth patterns include immediate risks at delivery, such as higher rates of fetal distress during labor, low Apgar scores, and perinatal death among males in some samples (Bekedam et al., 2002) .
In addition, developmental sex-based susceptibilities have implications for life-long health. Male vulnerabilities include reproductive and teratogenic effects of chemical toxins (Cummings et al., 2007) , neurodevelopmental sequelae to prenatal lead exposure (Jedrychowski et al., 2009a) , risks for childhood ischemic stroke (Golomb et al., 2009) , and differences in wound healing and processes involved in morphogenesis and perinatal hormonal imprinting (Gilliver et al., 2008) .
These observations identify the existence of sex-based distinctions in fetal genomic interaction with the prenatal environment. Among the first environmental challenges confronting the developing fetus is the mother herself. Indeed, subsequent to her genetic contribution, the mother provides the initial environment in which fetal gene expression occurs, and is the site of the earliest epigenetic effects (Gabory et al., 2009) . Little attention has been given to the investigation of similarities and differences in how males and females respond to the maternal prenatal milieu. The present analysis investigated relationships between maternal height and weight, as markers of maternal prenatal influences, and fetal growth patterns and birth weight outcome among males and females.
The rationale for this investigation derives from an increasingly popular clinical approach aiming to assess the adequacy of fetal growth based on predictions of expected birth weight outcome (Gardosi et al., 1992) . These efforts have employed multiple regression analyses to identify the quantitative effects of maternal height and weight, together with birth gestational age, sex, parity, ethnicity, and socio-economic background as predictors of birth weight (Keeping et al., 1979) . Frequently referred to as maternal "constitutional factors," maternal height, weight, and/or body mass index (BMI) are presently assumed to have additive effects for birth weight outcome (Gardosi et al., 1992) . Moreover, these characteristics are assumed to have homogeneous effects across fetal age and sex, such that a constant term can be used for the difference in weight at birth between males and females (Gardosi et al., 1995) . It is unclear, however, whether these assumptions are appropriate. Evidence to the contrary includes observations that suggest males may be more sensitive than females to prenatal maternal energy status, with effects that interact with maternal phenotype (Adair and Pollitt, 1985) . In addition, a differential (by sex) effect on birth weight of multiple micronutrient supplementation during gestation has been reported, with greater sensitivity by females (Osrin et al., 2005) .
Indeed, it has long been evident that maternal height and weight are associated with infant size at birth (e.g., Niswander and Jackson, 1974) . As maternal height and weight are correlated, and maternal height is positively associated with weight gain during pregnancy (Villamor et al., 1998) , however, unraveling the distinctive contribution of each maternal size parameter to birth outcome is challenging. In fact, in circumstances where maternal height reflects the cumulative effects of stunting, its utility as a marker identifying genetic "growth potential" of her offspring may be limited. Thus, the use of maternal height, weight, and BMI as 'constitutional factors' in birth weight prediction models may be an example of confounding genetics with phenotypic plasticity (Gage 2003) .
The importance of considering the complexity with which these variables may interact was illustrated in a review of common risk factors for low birth weight (Cogswell and Yip 1995) , where differential effects were shown to depend on associated factors. Specifically, differential mortality effects across the birth weight distribution were identified to confound simple explanation. Several population studies documented that birth weight is a complex phenotype reflecting the interactions of fetal, maternal, and paternal genetics with the environment (e.g., Lunde et al., 2007) .
The interpretive challenges raised by studies of birth weight point to the importance of understanding how maternal height and weight are expressed in fetal growth, in lieu of the outcome variable, birth weight, alone. These relationships are less well studied. Several reports have identified an association between pre-pregnancy maternal weight and fetal growth: lighter mothers were linked to smaller second trimester placental weight and fetal size (Kinare et al., 2000; Thame et al., 2004) , as well as fetal growth rates between 28 and 32 weeks, and birth weight (Rossavik et al., 1992) . Sex differences were not investigated in these studies.
As both a theoretically salient issue, and a practical one (Resnik 2007) , further assessment of the expression of maternal height and weight during fetal growth is warranted to clarify how, and when, during gestation maternal size is reflected in fetal growth patterns, and if these effects are homogeneous between males and females.
Methods

Study design and population
Women who presented for obstetrical care at the Center for Perinatal Diagnosis and Research (Sotero del Rio Hospital in Santiago, Chile) by the first and early second trimester were enrolled in a longitudinal study on fetal growth. Exclusion criteria were multiple pregnancy, evident fetal anomalies, fetal demise at the time of enrollment, maternal health conditions requiring treatment (e.g., asthma treated with steroids), and a history of previous chronic diseases (e.g., diabetes, chronic hypertension, cardiac insufficiency). All patients provided written informed consent for the collection of data under protocols approved by the Institutional Review Boards of the Sotero del Rio Hospital and the Eunice Kennedy Shriver National Institute of Child Health and Human Services (NIH/DHHS). Maternal height and weight were recorded at the first prenatal visit, as well as pre-pregnancy weight. Prepregnancy BMI was calculated for each woman (weight in kg divided by height in m 2 ).
Clinical definitions
The study requirement for an uncomplicated pregnancy included no medical, obstetrical, or surgical complications during the course of the pregnancy, and birth of a live neonate at term (≥37 gestational weeks).
Fetal growth assessment
Pregnancies were dated according to the last menstrual period (LMP), verified by ultrasound. Ultrasound dating was preferred if there was a discrepancy greater than one week between expected biometry according to LMP and the fetal biometry in the first trimester. Ultrasound measurements of the head circumference (HC), abdominal circumference (AC), and femur diaphyseal length (FL) were recorded at each visit. The median age at first ultrasound was 13 weeks (interquartile range, 6-16 weeks; ultrasound fetal biometry was assessed in each case at least on two occasions (75% ≥3 repeated measures). Estimated fetal weight (EFW) was calculated according to the formula of Hadlock et al., (1985) , Log 10 EFW=1.326−0.00326(AC)(FL) + 0.0107(HC) + 0.0438(AC) + 0.158(FL).
Study aims and statistical analysis
This study investigated the propositions that (1) maternal height and pre-pregnancy weight have homogeneous effects among males and females on birth weight outcome, (2) reflecting similar effects on fetal growth among males and females across gestation.
Maternal size and infant birth weight. In the first step, a linear mixed-effects model investigated the main effects of sex and increasing maternal height and maternal weight, in separate analyses, on birth weight. Tertiles of maternal height and weight were used to investigate nonlinearities, if present. A second step (Model 2) included an interaction term between fetal sex and maternal height and maternal weight tertiles, in separate analyses, to investigate whether sex was an effect modifier of the relationship between either maternal size variable and birth weight. A third step (Model 3) included a three-way interaction term between fetal sex, maternal height and maternal weight, to investigate sex-modified effects of both maternal height and weight on birth weight. Maternal smoking and primiparity were considered as dichotomous covariates, and birth gestational age (centered at the mean) was a continuous covariate in all analyses. The regression analyses identified significance levels for sex-modified effects of increasing maternal height and maternal weight tertiles on neonatal birth weight (first tertiles, or shortest and lightest maternal size, were the comparison group). Marginal means then compared the homogeneity of neonatal birth weight differences between males and females across maternal tertiles (STATA 11, StataCorp 2009 ).
Maternal size effects on fetal weight growth were investigated in multi-level mixed-effects models for longitudinal data (xtreg, re STATA 10, StataCorp 2007) . A Box-Cox-identified power transformation (ln) was used for estimated fetal weight, and the best-fit polynomial descriptor for the growth trajectory of each sex was identified (Royston and Altman, 1997) . Fetal weight was transformed to within-sample, sex-corrected z-scores (or standard scores) prior to analysis. Tertiles of maternal size permitted investigation of discontinuous size effects, if present. The interaction of maternal tertiles and gestational age coefficients were used to test the homogeneity of maternal height, weight, and BMI on fetal weight growth patterns across age. Parity and smoking were considered as dichotomous covariates and maternal age as a continuous variable, and these were retained as appropriate in the final model. As a y-intercept corresponding to age=0 would reflect time of conception with no measurable size, the growth trajectory analyses were centered at the gestational age of 18 weeks.
Continuous variables were tested for normality (Shapiro-Francia). The non-parametric Wilcoxon rank-sum test assessed trends in non-Gaussian variables across maternal tertiles (nptrend, Stata 10, Stata Corp, 2007) , and ANOVA assessed mean differences between tertiles for Gaussian variables. Chi square tested the equality of proportions for dichotomous variables (fetal sex, parity, maternal smoking) across maternal size tertiles, and the nonparametric K-sample test assessed their within-tertile equality of medians (maternal age, height, weight, and BMI). Multiple regression investigated differences in the continuous variables among maternal size tertiles with covariates. Two-sided p-values less than 0.05 were considered as significant for descriptive variables. The research hypotheses regarding fetal growth patterns involved multiple tests and significance should be noted. While Bonferroni adjustments would suggest p<0.002 as significant in the fetal growth analyses, this would increase the type 2 error (Perneger 1998) .
Results
Study sample
Of the 4115 women who agreed to participate in the longitudinal study, a total of 3495 normal pregnancies (1814 male and 1681 female fetuses) had available information on maternal size and fetal growth for the present analysis. No specific ethnic or socioeconomic information was available; however, all women included in the study population lived in the catchment area for the Sotero del Rio Hospital, a public hospital serving Puento Alto, the southeast region of Santiago, Chile, with an approximate altitude of 500 meters.
There were no significant differences by neonatal sex in maternal size, age, parity, selfreported smoking, alcohol or drug consumption, or distribution of gestational ages at birth (Table 1 ). There were no significant associations between sex and maternal size tertiles. Within tertiles, maternal anthropometric variables were non-Gaussian with no significant differences in fetal sex distribution, birth gestational age or proportion of maternal smoking. Primiparous women were younger (pair-wise correlation = −0.55), taller, and relatively thinner than multiparous women (Table 2 ). An interaction between parity and maternal size tertile was included in the analyses.
Pregnancy outcomes
Birth weights in the study group (Table 1) closely resembled the gestational age-and sexadjusted population reference, suggesting no identifiable sampling bias (González et al., 2004) . The distribution of birth weights was significantly different by sex ( Figure 1 ). Higher maternal height, weight, and BMI tertiles were associated with higher birth weight in trend analyses, with nonlinear relationships for maternal weight and BMI ( Figure 2 ).
Neonatal sex modified birth weight effects of maternal weight and maternal height
Males weighed an average of 129 to 130 grams more than females at birth (controlling for maternal weight and height tertiles, respectively, Figure 3 , Model 1). There was, however, a significant interaction effect between fetal sex and maternal weight and maternal height that resulted in variable birth weight dimorphism, contingent on maternal phenotype. These effects were not linear.
Assessing the interaction between sex and maternal weight identified that Increasing maternal weight from the first to the second tertile benefitted average male birth weight significantly more than for their female counterparts (143 vs 77 grams, p=0.04) ( Figure 3 , Model 2). This was accompanied by a significant difference in birth weight dimorphism: Among the lightest mothers, males weighed an average of 93 grams more than females. Among mothers whose weight was in the second tertile, male neonates weighed an average of 159 grams more than females at birth. Likewise, assessing the interaction between sex and maternal height identified that males benefitted more than females as maternal height increased from the second to the third tertile: Sons of the tallest mothers gained twice the benefit in average birth weight, compared to females (83 vs 32 grams, p=0.09, Figure 3 , Model 2).
Fetal sex further modified how maternal height and weight together influenced neonatal birth weight (Figure 4 , Model 3).While on average, males weighed more than females at birth, this was not a statistically significant difference among neonates of the shortest and lightest weight mothers (males exceeded females by an average of 60 grams, p=0.08). Male neonates of short mothers were significantly more sensitive than female neonates of short mothers to increasing maternal weight: Average male birth weights exceeded females by 150-160 grams by second tertile maternal weight. Likewise, males of light-weight mothers were significantly more responsive than females to maternal height, and male neonates delivered of tall and light weight mothers were an average of 182 grams heavier than their female counterparts from pregnancies of similar maternal phenotype.
Thus, birth weight dimorphism was not constant, but reflected sex differences in neonatal weight that were contingent on maternal phenotype. A comparison of the interaction model results (Figures 3 and 4) , with the sex differences in birth weights according to the independent main effects model (129-130 grams), identifies the errors in relying on the latter. The interaction analyses identified that a source of this variability was a greater response among males to increasing maternal height and maternal weight. With no statistically significant sex differences in birth weight among neonates of the shortest and lightest mothers, this group provides a useful base line for comparing the specific effects of increasing maternal height and maternal weight on neonatal weight outcomes among males and females. Compared to their peers from the smallest mothers (first tertile height and weight), males benefitted more than females from increasing maternal weight across the range of maternal height tertiles, and from increasing maternal height across the range of maternal weight ( Figure 5 ). Among females, increasing maternal weight among the shortest mothers had no effect on birth weight outcome, and increasing maternal height offered little birth weight advantage for daughters of the lightest weight mothers. Only among the tallest mothers did females obtain an advantage from increasing maternal weight.
In summary, the effects of maternal weight and maternal height on birth weight were different when the neonate was a male versus a female. Compared to females, male birth weight reflected a greater sensitivity to maternal weight effects, particularly among shorter mothers, and was more responsive to maternal height effects, particularly among lighter mothers. How maternal height and weight interfaced with fetal growth was further investigated in longitudinal analyses.
Fetal sex modified fetal weight growth effects of maternal weight and height
Sex differences in growth trajectories were identified, therefore stratified analyses were employed. The analytic approach provided an overview of fetal growth that can be summarized by two temporal features: Growth prior to 18 weeks of gestation (the yintercept, summarizing earlier growth rates), and growth trajectories across the second half of gestation (the polynomial parameters). Overall, maternal size effects on fetal growth were contingent on gestational age, with sex-specific relationships.
Male pattern-Males were distinguished by gestational time-specific maternal effects: Estimated fetal weight growth rates were augmented by increasing maternal height evident by 18 gestational weeks (the y-intercept), followed by increasing maternal weight across mid-gestation (the second parameter), and increasing maternal BMI in late gestation (the third parameter) ( Table 3) . Stratified analyses further clarified that these time-sensitive effects reflected male growth responses to two maternal phenotypes: A tall and lighter weight maternal morphology, and a short and heavier morphology. Specifically, increasing maternal height was associated with greater fetal size by 18 weeks of gestation among sons of all but the heaviest mothers (y-intercept, Table 5 ). From mid-gestation, tallest maternal height propelled growth rates among sons of the lightest mothers (second and third parameters, Table 5 ; Figure 6 ). The 'short and increasing weight' maternal phenotype was associated with increased growth across the second half of gestation (Table 6) , when sons of the shortest mothers grew significantly more rapidly among women of increasing weight, compared to lighter women (Figure 7) . Thus, among male fetuses, the positive effects on growth rates of a tall and thin maternal phenotype to growth rates were consistent across gestation, while increasing maternal weight among short mothers became manifest in the second half of gestation.
Female pattern-In contrast to males, no significant effects of maternal height or weight tertiles on estimated fetal weight growth trajectories were found among female fetuses in separate regression models. Daughters whose mothers were of second tertile BMI were largest at 18 weeks of gestation (Table 4) .
Stratified analyses identified the importance of maternal height for female fetal growth (Tables 5 and 6): By 18 weeks, greater estimated fetal weight was associated with increasing maternal weight, as maternal height increased. Daughters of the shortest and lightest mothers then had a burst to lead all others in growth rate across mid-gestation, before being overtaken by fetuses of taller mothers from about 28 weeks. From mid-gestation, female sensitivity to maternal weight emerged: Maternal weight augmented growth rates among fetuses of the shortest mothers ( Figure 6 ), but attenuated growth rates among daughters of the tallest mothers (Figure 8 ).
In summary, a contrast between fetal weight growth patterns among males and females identified sex-specific, time-sensitive relationships to maternal height and weight. Among males, a tall and thin maternal physique was associated with increasing fetal growth rates across gestation, and a short and plump physique from about mid-gestation. Among females, maternal weight effects were contingent on maternal height, with a positive effect from increasing maternal height prior to 18 weeks of gestation, reversed from about mid-gestation when females evidenced sensitivity to the combined effects of maternal height and weight. Daughters of tall and light weight mothers gained significantly more from maternal height than boys in late gestation (p<0.001).
Discussion
The finding of sex-specific expressions of maternal height and maternal weight in fetal growth rates and birth weight is novel. Analysis of longitudinal fetal ultrasound measurements identified a greater response to increased maternal weight and maternal height in fetal weight growth rate among males compared to females. Analysis of the outcome of fetal growth, neonatal birth weight, provided identical results. These observations suggest that maternal size effects worked through different pathways in males and females with sex-specific sensitivities across gestational ages. These patterns formed the basis for differences in the magnitude of birth weight dimorphism associated with maternal phenotypes.
Sex differences in growth strategies
Interpreting the biological meaning of maternal size for the fetus is challenging (Zhang et al., 2007) , and little attention has been given to the possibility of sex-modified effects. While maternal height and weight may be distal signals of maternal well-being, and non-specific indices of prior environmental sufficiency for prenatal development, they are related to gross measures of fetal development captured by whole body growth. Often primarily considered as a genetic marker (Gardosi et al., 1992) , maternal height is much more: it is a proxy for lifelong maternal health. As a cumulative indicator of genetics and the environment, maternal height is a collective summary of events happening across a woman's lifetime, subject to strong environmental influences during prenatal and early (i.e., first two years) postnatal life (Ruel et al., 1995) . Pre-pregnancy weight and BMI, on the other hand, are more contemporaneous environmental signals, a proxy of maternal nutritional status near conception. The current analysis identified that fetal growth among males in the study sample was responsive to the former, and sensitive to the latter. In contrast, females were more influenced by maternal height, as a permissive environment for maternal weight effects.
Potential role of early sex differences in physiology-Sex-based, time-sensitive hormonal or other physiologically-mediated metabolic differences during fetal development remain to be detailed. A juxtaposition of the gestational age-based male and female growth strategies is useful in seeking a hypothetical explanatory framework (Figure 9 ). Both males and females benefitted from a tall and thin maternal phenotype, albeit with different timing (males early, females late). Likewise, both sexes took benefit of maternal weight, albeit with different sensitivities, maternal height contingencies, and timing (females early, males late). Parsed into elements, their growth trajectories can be hypothesized to share common mechanisms, altered in time.
A putative candidate for fetal growth acceleration among pregnancies of tall and thin women is placental growth hormone (pGH). Identified from 6 gestational weeks, pGH concentrations have been reported to be higher among women of low BMI, and among pregnancies with female fetuses from 28 weeks of gestation (Chellakooty et al., 2002) . Overall, the present observations suggest a metabolic-level developmental shift at midgestation. Among female fetuses, the growth-promoting effects of increasing maternal height for maternal weight evident by 18 weeks appear to have been replaced by an inhibiting effect during the second half of gestation. Among male fetuses, an advantage of increasing maternal weight and/or BMI became evident in the latter half of gestation. These observations may reflect sex-specificity in the developmental changes that occur at approximately mid-gestation (Knox and Baker, 2008) .
One interpretation of these observations is a sex-based divergence in growth strategies, with males exhibiting greater flexibility in circumventing maternal-size shortcomings. Benefitting from maternal height among thin mothers from early gestation, and maternal weight among short mothers in later gestation, males may rely on alternative windows of developmental opportunity, compared to females. While a mechanistic basis for this pattern remains to be investigated, the outcome was a maximal birth weight phenotype among males, under two potentially limiting maternal conditions: short maternal height and low maternal weight. Both male growth patterns are inherently risk-laden, challenging maternal energetic resources among the tall and thin maternal phenotype, and challenging safe delivery among the short and heavier maternal phenotype. In the first circumstance, maternal nutritional intake behavior may be an adaptive option. The second scenario presents a selection pressure on female anatomy in the absence of obstetrical intervention. Associations between male sex and positive maternal energy status during fetal growth have been previously reported (Mathews et al., 2008; Tamimi et al., 2003) , and resonate with animal studies linking maternal nutrition and conceptus sex ratio (e.g., Green et al., 2008) .
By contrast, females modulated their growth in line with overall maternal size early, benefitting from weight as maternal genetics and overall health permitted. Subsequently, maternal weight was a counter-productive analog to maternal height. The female sensitivity to an integrated signal of maternal lifetime health is reminiscent of reported matrilineal effects described for both primate and human fetal growth rates (Price and Coe, 2000; Ounsted et al., 1986) . Potential mechanisms include sex-specific hormone effects (Veena et al., 2009) , and/or aspects of epigenetic programming putatively associated with sex-specific transgenerational effects in general (Gabory et al., 2009) .
Potential role of the male and female placenta-It is also possible that sex-specific placental growth strategies not previously described may be involved in these observations. The dimorphic effects of maternal size during fetal growth provoke speculation into how this variability may be achieved. Our data suggest that males do "more with less" during growth, which may involve structural and/or functional flexibility in the placental interface.
The relationship between maternal size, placental size, and fetal growth among humans awaits comprehensive description. Cross-breeding animal studies among species with diffuse placentation (Walton and Hammond, 1938; Wilson et al., 1998 , Giusanni et al., 2003 have noted the importance for fetal growth of uterine capacity, which reflects the size of the mother. While often assumed to be an accurate biological paradigm of a fundamental relationship between maternal size, placental size, and fetal size, it is unclear if these animal observations extrapolate to humans and the anatomy of discrete placentation. Indeed, the significant placental distinctions between these species (Wildman et al., 2006) suggest otherwise. The present results highlight fetal sex for further consideration as a modifier of human placental functionality.
Implications of sex differences in response to maternal size-These results provoke consideration of current concepts regarding the relative importance of maternal height and weight for fetal growth. A number of reports have identified maternal prepregnancy weight (Mavalankar et al.,1994; Nahar et al., 2007; Vega et al., 1993; Teles et al., 1994) and BMI (Ronnenberg et al. 2003; Kirchengast and Hartmann, 1998) as better predictors of birth weight than maternal height, and a meta-analysis identified pre-pregnancy weight as a strong independent predictor of birth weight (Viswanathan et al., 2008) . Likewise, maternal height was found to be unrelated to birth weight among a sample of Hispanic pregnancies, and did not modify the effect of pregnancy weight gain on infant birth weight in data from the UCSF Perinatal Database cohort (Gunderson et al., 2000) . By contrast, maternal height over 154 centimeters, and parity, were found to be important determinants of birth weight among uncomplicated deliveries in a public hospital in Southern Chile (Lagos et al., 1999) . None of these studies specifically investigated differential effects of maternal anthropometry according to fetal sex.
It is likely that complex interactions underlie the associations between maternal anthropometry, nutrition, and fetal growth. The present study suggests that fetal sex may be an additional consideration. The finding that maternal height, weight, and BMI did not have identical effects on fetal growth among males and females across gestation has implications for an increasingly popular effort to consider maternal characteristics in assessing adequacy of neonatal size at birth (Resnik, 2007) . These approaches have assumed that coefficients from regression analyses of birth weight on maternal characteristics at the population level are applicable to development of individuals or sub-groups of individuals. This is problematic, as statistical means do not characterize individuals or sub-groups of individuals (Ounsted et al., 1988) .
The present study data provide empirical evidence that assumptions of a constant value for birth weight dimorphism, and identical effects for maternal height, weight, and BMI across sex and gestational age (Gardosi et al., 1995) , are not accurate. The different relationships found by sex for maternal height and maternal weight, both during fetal growth and for birth weight outcome, documented that males are not simply bigger than females, with uniform additional effects from maternal characteristics, as the present paradigm assumes ( Figure  10) . Instead, fetal sex-specific biology modified the expression of maternal height and weight in terms of timing and patterns of fetal weight growth, which in turn were associated with variability in sexual size dimorphism at birth (Figure 11 ). The details of how sex modifies fetal growth remain to be described. The physiology of fetal development is likely to be operational at a systems level, with relationships between maternal size and individual growth that do not follow population level trends (Lampl and Thompson, 2007) .
Study limitations and perspectives-This
study was based on maternal self-reported pre-pregnancy weight, and error effects cannot be assessed. Previous studies have identified maternal recall of pre-pregnancy weight to be a satisfactory substitute for clinical measurements (Lederman and Paxton, 1998) with high accuracy (Tomeo et al., 1999) .
The absence of data on weight gain during pregnancy was limiting. Previous work has highlighted the importance for fetal growth and birth outcome of maternal weight gain across the first trimester, controlling for pre-pregnancy maternal weight (Brown et al., 2002; Neufeld et al., 2004) , and the importance of the second and third trimesters for increased risk of IUGR across the range of maternal BMI (Strauss and Dietz, 1999) . Likewise, data from the Dutch famine studies have clearly identified the importance of maternal nutrition during the third trimester for birth weight outcome (Stein et al., 1975) . Moreover, the lack of information on maternal dietary intake during pregnancy in the present study limits an appreciation of this aspect of the prenatal environment. A review of studies investigating the relationship between maternal weight gain and birth weight concluded that maternal diet and nutrition were more important than maternal weight gain in conditions other than famine (Susser 1991) .
Finally, a more intensive measurement protocol would have permitted greater clarity regarding the timing of maternal effects on fetal growth; this study relies on best-fit polynomial parameters in assessing developmental trends.
As a sample, the participants were not distinguished in any identifiable manner from the population to which they belong: The maternal heights were similar to other reports among individuals from metropolitan regions of Central Chile (Erazo et al., 2005) . Median birth weights in the present sample were close to those from more than one million neonates contributing to the sex-and gestational-age adjusted national reference population (González et al., 2004) . Regression analyses of birth weight on maternal height (controlling for neonatal sex) are nearly identical to those previously reported among women attending private hospitals in Chile (R 2 =0.039 and R 2 =0.033, respectively) (Mardones et al., 2004) .
Nonetheless, it cannot be ruled out that the present results may be specific to the study population, and similar effects among samples with dissimilar genetic and environmental circumstances should not be expected. Previous reports have documented that maternal height in Chile is determined by the interaction between genetics, socio-economic and demographic influences (Mardones et al., 2004; Erazo et al., 2005; Valenzuela et al., 1978) . The multi-level mixed-model regression approach used in the analysis theoretically addressed unmeasured individual-level confounding effects, such as genetically-based metabolic differences, environmental influences (e.g., altitude), or other unknown confounders that may have contributed to inter-subject variability within the sample. The variability due to the paternal genome could not be assessed.
Conclusions
The present study identified an under-appreciated effect modification by fetal sex of maternal height and weight on fetal growth that was reflected in birth weight outcome. The observation that maternal size has sex-modified timing effects on fetal growth rate is novel, and highlights the importance of further clarifying sex-specificity in the windows of opportunity for both growth-promoting and growth-perturbing effects during fetal development. The present data provide an evidentiary-based hypothesis for fetal sex-specific growth strategies, as has been previously suggested from observations of postnatal infant growth patterns (Lampl et al., 2005) . This may be relevant to researchers seeking a mechanistic basis for the sex differences reported in a number of studies investigating fetal origins of adult disease (Gilbert and Nijland, 2008; Kuzawa 2004) . While the sensitivity of male growth compromise to external perturbations is well described in humans (e.g., Stini 1972), a novel perspective from the present analysis is that neonatal size dimorphism is not a single population trait, but varies according to environmental exigencies, including maternal phenotype.
Sex-specific fetal growth responses to the integrated signals of both the long-term environment (maternal height), and the proximal state of the environment (maternal weight/ BMI), may involve evolutionary analogs of epigenetic effects that modify compensatory mechanisms involved in context-dependent adjustment of primary sex ratios in many species (e.g., Rutkowska and Badyaev, 2008) . Sex-based sensitivity to maternal size during human fetal growth provides multiple reading frames of the postnatal environment, and permits facultative adjustments to occur while physiologically priming the next generation for the local environment. Further work is needed to clarify the biology of sex-specific response mechanisms underlying earliest human growth. Males weighed more at birth than females (M−F). In Model 1, neonatal sex and maternal weight (mw, white panels) and maternal height (mh, gray panels) were considered as independent main effects in separate models. Model 2 considered an interaction term between neonatal sex and maternal weight (mw), and neonatal sex and maternal height (mh) in separate models. These analyses identified that the magnitude of the sex difference in birth weight varied by maternal weight (mw) and maternal height (mh) tertiles. The birth weights (g) shown were estimated at the mean birth age of 39.7 gestational weeks. The covariates included maternal smoking and maternal primiparity, entered as categorical variables. Birth weights are compared among neonates by maternal height and weight phenotype combinations: Maternal weights are identified by contrasting bars: first tertile maternal weight (white), second tertile maternal weight (light gray), third tertile maternal weight (dark gray). Males weighed more at birth than females (M−F) at all maternal weight and height combinations. This was not statistically significant, however, among neonates of the shortest and lightest mothers (60 grams).The birth weights (g) shown were estimated at the mean birth age of 39.7 gestational weeks. The covariates included maternal smoking and maternal primiparity, entered as categorical variables. Sex differences in fetal growth among offspring of the shortest mothers (1 st tertile maternal height). Light mothers (1 st tertile maternal weight), T2 (2 nd tertile maternal weight), heavy mothers (3 rd tertile maternal weight). Males (black) benefit more than females (red) from increasing maternal weight. Sex differences in fetal growth among offspring of the tallest mothers (3 rd tertile maternal height). Light mothers (1 st tertile maternal weight), T2 (second tertile maternal weight), heavy mothers (3 rd tertile maternal weight). Males (black) benefit more than females (red) from increasing maternal weight. Sex modified the effects of maternal height and weight on fetal growth with gestational-age specific patterns. The present paradigm of how maternal height, maternal weight, and fetal sex contribute to birth weight (A) assumes that these factors contribute uniformly through fetal growth across gestation (B). The biological proposition from the present data identified that fetal sex-specific biology modified the expression of maternal height and weight in terms of timing and patterns of fetal weight growth, which in turn were associated with variability in sexual size dimorphism at birth. 
